In this paper, the photovoltaic characteristics of bulk heterojunction solar cells employing an eutectic gallium-indium (EGaIn) alloy as a top metal contact which was coated by a simple and inexpensive brush-painting was investigated. The overall solar cell fabrication procedure was vacuum-free. As references, regular organic bulk heterojunction solar cells employing thermally evaporated Aluminum as a top metal contact were also fabricated. Inserting the ZnO layer between the active layer and the cathode electrodes (Al and EGaIn) improved the photovoltaic performance of the herein investigated devices. The power conversion efficiencies with and without EGaIn top electrodes were rather comparable. Hence, we have shown that the EGaIn, which is liquid at room temperature, can be used as a cathode. It allows an easy and rapid device fabrication that can be implemented through a vacuum free process.
Introduction
Solar cells are seen as promising alternatives to the conventional energy sources for the civil electricity supply. Among many different types of solar cells, crystalline silicon (Si) cells currently dominate the photovoltaic market [1] . However, Si wafer solar cell suffers from some disadvantages such as high costs of manufacturing and requirement of expensive complicated equipment. Most of the researchers in the field put a great effort into overcoming these problems and therefore, they are searching for alternative methods that can compete with the recent Si technology. The use of organic semiconductors in solar cells is seen as an alternative to the conventional inorganic solar cells [2] [3] [4] . Organic photovoltaic (OPV) devices have attracted great interest due to their numerous advantages, such as lightness, flexibility, and low cost and easy fabrication. Today, the power conversion efficiency of BHJ organic solar cells has exceeded 10% [5, 6] .
One of the most used concepts in organic photovoltaic is the bulk heterojunction (BHJ) in which the donor and acceptor materials are blended together and thereby the interfacial area between donor and acceptor is maximized [4, [7] [8] [9] [10] [11] [12] [13] . The basic structure of an organic photovoltaic device consists of a photoactive blend layer sandwiched between an anode that is a transparent and high work function electrode, generally indium tin oxide (ITO), and the cathode that is a low work function metal such as calcium (Ca), barium (Ba), magnesium (Mg) or aluminum (Al). The most commonly used cathode for organic solar cells is Al, because its work function is compatible with the LUMO level of most of the donor materials. The photoactive layer can be deposited from solutions by simple methods, whereas depositing Al layer on the photoactive layer requires a vacuum deposition process that is slow and expensive. This process gives rise to a cost increase and leads to some restrictions on its application in large-scale production.
Performance of organic based solar cells has continued to improve over the last several years thanks to progress in the synthesis of new organic photovoltaic materials which have a low band gap, high absorption range and better transport properties. For this aim, the various types of anthracenecontaining poly(p-phenyleneethynylene)-alt-poly(p-phenylene-vinylene) (PPE-PPV) copolymers with different alkoxy side chains denoted as AnE-PV were synthesized and characterized, and their photovoltaic performances were investigated. It was reported that the best performance could be achieved by using AnE-PV polymer containing octyl and 2-ethylhexyl groups which facilitates stacking ability and the highest π-π-stacking distance. Among these copolymers, this type of AnE-PV containing octyl and 2-ethylhexyl groups has been seen as a promising electron-donor material with a low band gap (E g 1.8 eV) defined as a difference of HOMO level (5.17 eV) and LUMO level (3.37 eV), and wide absorption range [14, 15] .
In organic photovoltaics, zinc oxide (ZnO) has been extensively used as an optical spacer or electron transporter in different device architectures due to its high conductivity, wide band gap (3.3 eV) and transparency to visible light. The LUMO level of ZnO (4.4 eV) is situated between the LUMO level of PCBM (3.7 eV) and the Fermi energy level of cathode electrode such as Al. In conventional cell architecture, the ZnO interlayer as an optical spacer and hole blocking provides improvement of current density and performance as a result of redistribution of the optical electric field and blocking holes, and also creates an extra donor-acceptor interface. The use of ZnO provides several important advantages, as it acts as a shielding layer which protects the active layer from oxygen and humidity, and it can be deposited from the solution onto the active layer without any effect [16] [17] [18] [19] .
It would be desirable to find cheap alternative cathode materials that could be deposited at low temperatures without a vacuum process or any specialized equipment. As is mentioned in a few articles [20, 21] , using a low work function and low melting point metals or alloys as cathode electrodes can provide the non-vacuum deposition process for this aim.
Gallium-Indium eutectic alloy consisting of 75% Ga and 25% In by weight may be suitable to be used as a cathode electrode in bulk heterojunction OPV configuration. It is liquid at room temperature because of its low melting point (15.5 °C) and non-toxic. Hence, these properties make it suitable to be deposited under environmental conditions by simple and easy methods without any need of vacuum chambers or any specialized equipments. Furthermore, the work function of EGaIn (4.2 eV) which is compatible with the LUMO level of almost all acceptor materials indicates that it can form an ohmic contact as desired. The work function of Al (4.3 eV) is very close to that of EGaIn. Moreover, EGaIn has high electrical conductivity (3.4 · 10 4 · Scm
) similar to Al (3.5 · 10 4 ·Scm −1 ) [22] [23] [24] . In this study, we have fabricated organic solar cells with ITO/PEDOT:PSS/AnE-PVab:PCBM/ZnO/(Al or EGaIn) and ITO/PEDOT:PSS/AnE-PVab:PCBM/(Al or EGaIn) configurations. Zinc oxide (ZnO) was used as an electron transport layer and prepared by a sol-gel method. As a cathode, EGaIn was coated by brush-painting which does not require a vacuum process; reference solar cells employing thermally evaporated Al as a cathode were also fabricated (see figure 1) . A power conversion efficiency of ca. 2% was achieved for the ITO/PEDOT:PSS/AnE-PVab:PCBM/ZnO/(Al or EGaIn) configuration.
Experimental
Indium tin oxide (ITO) with thicknesses of 120 nm and sheet resistances of 12 Ω/square, purchased from Kintec Company, was used as anode.
One part of ITO substrates with dimensions of 1.5 × 1.5 cm was covered with an adhesive tape to prevent etching, the other part was removed by etching with an acid mixture of HCl:HNO 3 :H 2 O (4.6:0.4:5) for 30 min. Then, these substrates were cleaned with helmanex, distilled water, acetone, and isopropanol in an ultrasonic bath for about 20 min on each solvent-step.
An aqueous solution of poly(3,4-ethylenedioxythiophene):p oly(styrene-sulfonate) (PEDOT:PSS, Clevios Heraeus Co.), filtered using a 0.45 µm Whatman filter, was spin coated on top of the precleaned ITO substrates at 1500 rpm for 60 s and followed by thermal treatment in air at 140 °C for 15 min to remove any residual moisture. Afterwards, the samples were moved into an inert environment (Nitrogen) in a glove box for further processing. The blend of the photoactive layer was prepared by mixing AnE-PVab and PCBM (Solenne BV) in 1 ml chlorobenzene in a 1:4 ratio, polymer concentration of 1 wt%, followed by deposition on PEDOT:PSS/ITO at a spinning speed of 800 rpm.
ZnO solution was prepared according to [25] . The samples were prepared with and without ZnO layer. ZnO layer on active layer was spin coated at 6000 rpm.
Finally, 100 nm of aluminum (Sigma-Aldrich) was thermally evaporated in vacuum chamber (1 · 10 −5 mbar) at 2.0 Å s −1 for the reference solar cells. EGaIn electrode was coated on samples with a shadow mask by brush-painting method without damaging the surface of samples.
To characterize the performance of the OPV devices, currentvoltage (I-V) characteristics were examined using Keithley 6487 in the dark and under illumination that is provided with Solar Light XPS 150 solar simulator (AM1.5G) calibrated by standard crystalline silicon diode set at 100 mW cm
The electrical performance of a photovoltaic solar cell was characterized by short-circuit current density J sc (mA cm −2 ), open-circuit voltage V oc (V) and fill-factor FF. Solar cell power conversion efficiency (η) defined as the ratio of power-out (P out ) to power-in (P in , 100 mW cm −2 ) (see equation (1)), fill factor (FF) is defined as the ratio of maximum power point (P m = V mpp × J mpp ) to the product of open circuit voltage (V oc ) and the short circuit current density (J sc ) (see equation (2)).
EGaIn alloy was characterized using a Spectro MIDEX-M energy-dispersive x-ray fluorescence spectrometer and a Panalytical Diffractometer (Philips) x-ray diffraction (XRD). Adhesion tests carried out by 3 m scotch tape which is the simple qualitative test determined with the amount of metal transferred to the tape [26] . The thicknesses of all the layers in OPV were determined by Veeco Dektak-XT Bruker profilometer. The absorption spectra of the individual layers were recorded using an Agilent 8453 ultraviolet-visible spectrophotometer. The optical band gap of ZnO thin film for direct transition was determined by Tauc relation [27, 28] .
where E g is the optical band gap, h is the Planck's constant, ν is the frequency of incident photons, and B is a constant called the band tailing parameter. Morphology of the films was characterized using Park System Xe-70 atomic force microscope. The incident photon to current efficiency (IPCE) of the devices was analyzed using New Port Quantum Efficiency Systems under illumination by monochromatic light of a Xenon lamp.
The chemical structure of AnE-PVab is shown in figure 2 and was synthesized according to [14] .
Results and discussion
X-ray fluorescence (XRF) has been proven to be a very useful technique for the quantitative elemental analysis of materials. XRF analysis reveals the concentration of an element in the sample. Figure 3 shows the XRF spectrum of EGaIn alloy determined using energy-dispersive x-ray fluorescence spectrometer (EDXRF) with an x-ray radiation Mo K α source. The composition of EGaIn alloy was calculated by a simple linear model based on the relation between the intensity of an element and its concentration in the sample. The concentration of element Ga in the EGaIn alloy was determined by the ratio of the intensity of the Ga K α peak line in the EGaIn alloy to the intensity Ga K α peak of the same line of the pure Ga element used as a standard. The concentration of element In in the EGaIn alloy was calculated by the same method. The EGaIn alloy consisting of 74% Ga element and 26% In element was observed from the EDXRF analysis. The structural analysis of EGaIn was carried out using x-ray diffractometer (XRD) with Cu K α radiation source. X-ray patterns indicate (see figure 3 ) that the EGaIn alloy was composed of a completely amorphous phase. UV-visible absorption spectroscopy is widely used to analyze the optical properties of thin films. The absorption spectra of ZnO and AnE-PVab:PCBM thin films on ITO are shown in figure 4(a) . AnE-PVab:PCBM active layer has an absorption spectrum in the range between 300 and 640 nm. Tauc plot of (αhν) 2 versus photon energy hν are shown in figure 4(b) . The intercept of the extrapolated linear part of the curve with the energy axis (α = 0) gives the energy band gap E g . The optical energy band gap of ZnO film for indirect transition was found to be 3.3 eV from Tauc plot which is in accordance with the literature [28] .
The thicknesses of each layer throughout organic solar cell manufacturing processes, including PEDOT:PSS layer, AnEPVab:PCBM as an active layer and ZnO buffer layer were of 40, 100 and 35 nm, respectively. The thicknesses of each layer in the device production process were suitable with typical thickness of layers for using OPVs, which have been reported by various groups [16, 29, 30] .
Surface morphology of AnE-PVab:PCBM active layer on top of PEDOT:PSS/ITO/glass substrates and ZnO interlayer on top of AnE-PVab:PCBM/PEDOT:PSS/ITO/glass substrates were monitored by an Atomic Force Microscopy (AFM) instrument, and are shown in figure 5 . Surface roughness parameters, such as the maximum peak-to-valley height (Rpv), the root mean square roughness (Rq) and the average roughness (Ra), obtained from the AFM analysis are listed in table 1.
As is seen from the AFM images, the surface roughness of AnE-PVab:PCBM active layer decreased after coating the ZnO layer, which can improve the interface between the active layer and the cathode. Therefore, the better photovoltaic performance with an additional ZnO layer between the photoactive layer and the cathode might be the result of a better charge carrier extraction and the lesser recombination of charge carriers due to an improved interface [31, 32] .
The photovoltaic performances of the devices fabricated with and without a ZnO layer employing Al and EGaIn cathodes were compared. The current density-voltage characteristics of devices with four different comparable structures are shown in figure 6 , and also the comparison of the photovoltaic performances of these devices under illumination on a single figure is illustrated in figure 7 . The photovoltaic characteristics including V oc , J sc , FF and PCE, and parasitic resistances including the series resistance (R s ) and the shunt resistance (R sh ) of the solar cells calculated from the J-V curves are summarized in table 2.
It was observed that the photovoltaic performance of devices was improved when ZnO layer was used between AnE-PVab:PCBM active layer and either Al or EGaIn cathodes. By inserting the ZnO layer in the device configuration, J sc increased from 1.85 to 4.70 mA cm −2 and V oc increased from 0.80 to 0.83 V, and thereby, PCE increased from 0.88% to 1.93%. On the other hand, the decrease of R s from 0.469 to 0.256 k and the decrease of R sh from 30.03 to 6.77 k is an indication of a low contact resistance and a higher leakage current which resulted in a decrease of FF from 0.60 to 0.50. For the reference devices employing Al as a cathode without the ZnO layer, J sc of 5.27 mA cm −2 , V oc of 0.740 V and FF of 0.39 were achieved which led to PCE of 1.53%. For the reference devices employing Al electrodes and ZnO layers, the PV performance was improved. J sc of 6.05 mA cm −2 , V oc of 0.8 V and FF of 0.41 were achieved which led to a PCE of 2.00%. For these devices, R s decreased from 0.607 to 0.383 k and also R sh remained almost the same as 2.97 and 2.73 k . The saturation current densities (J o ) of devices were determined from dark J-V characteristics of devices. When the ZnO interlayer was used with the EGaIn cathode, J o decreased from 2.6 · 10 −7 to 6.0 · 10 −8 A cm −2 and V oc increased from 0.80 to 0.83 V. In addition, when it was used with Al cathode, J o decreased from 3.3 · 10 −7 to 3.1 · 10 −7 A cm −2 and V oc increased from 0.74 to 0.80 V. These results indicated that ZnO interlayer reduced the charge recombination at interference. The smooth ZnO interlayer sandwiched between the active layer and the EGaIn cathode electrode decreased the series resistance (R s ) about two times by improving collection and transportation of photogenerated electrons to cathode. Moreover, the devices with EGaIn cathode electrode have a higher FF than the devices with an Al cathode. The high FF is a result of the lower R s and higher R sh , and mainly due to forming good contact with devices. The improvement of the contact between the cathode and the photoactive layer with using the smoother ZnO interlayer indicated that this interlayer enhanced adhesion to EGaIn cathode.
The photocurrent keeps on increasing at negative bias with Al electrode, while it is flatter with EGaIn electrode. This can be explained by the shunt resistance (R sh ) of devices with EGaIn being higher than that of devices with Al. Comparing to graphs of devices as shown in figure 6 , the slope of J-V under the reverse bias is decreased when the R sh of devices is increased.
The incident photon-to-current conversion efficiency (IPCE) is defined as the ratio of the number of electrons in the external circuit produced by an incident photon at a given wavelength. The IPCE spectra of the devices are shown in figure 8 . All the IPCE curves exhibited a broad response covering 300-640 nm. The IPCE spectra exhibited relatively a maximum peak in the UV region (300-400 nm) at 350 nm and relatively close agreement with the maximum peak of absorption spectrum for the active layer. Essentially, the IPCE intensities for devices with both cathode electrodes Al and EGaIn were enlarged by employing ZnO as an interlayer between active layer and cathodes corresponding to the enhanced photocurrent because ZnO improved the charge collection and blocked the holes at the active layer/cathode interference.
The stability of devices with two different cathode electrodes (EGaIn and Al) were examined in a glove box ambient for 63 h and compared as shown in figure 9 . The stability behaviours of both devices were similar and exhibited a 55% loss of PCE% after 63 h.
Conclusion
In this study, we introduced vacuum free simple brush-painted EGaIn electrodes as top contacts in bulk heterojunction organic solar cells. The devices employing EGaIn and thermally evaporated Al electrodes exhibited comparable performances because the work functions and the electrical conductivities of these electrodes were very close to each other. It was observed that ZnO interlayer sandwiched between the active layer and the cathode electrode improved the photovoltaic performance for both devices employing EGaIn and Al top contacts. These results clearly demonstrate that EGaIn can be used as a cathode in organic bulk heterojunction solar cells and also that it offers very low cost manufacturing and opens up new applications for mass production of rigid or flexible solar cells such as rollto-roll process.
